Here we use receiver function analysis to retrieve crustal thickness and crustal composition along the 35-My-old passive margin of the eastern Gulf of Aden. Our aims are to use results from the 3-D seismic array to map crustal stretching across and along the Aden margin in southern Oman. The array recorded local and teleseismic events between 2003 March and 2004 March. Seventy-eight events were used in our joint inversions for Vp/Vs ratio and depth. The major results are: (1) Crustal thickness decreases from the uplifted rift flank of the margin towards the Sheba mid-ocean ridge. We found a crustal thickness of about 35 km beneath the northern rift flank. This value decreases sharply to 26 km beneath the post-rift subsidence zone on the Salalah coastal plain. This 10 km of crustal thinning occurs across a horizontal distance of less than 30 km showing a localization of the crustal thinning below the first known rifted block of the margin. (2) A second rift margin transect located about 50 km to the east shows no thinning from the coast to 50 km onshore. The lack of crustal thickness variation indicates that the maximum crustal stretching could be restricted to offshore regions. (3) The along-strike variations in crustal structure demonstrate the scale and longevity of the regular along-axis rift segmentation. (4) Extension is still observed north of the rifted domain, 70 km onshore from the coast, making the width of margin larger than first expected from geology. (5) The crust has a felsic to normal composition with a probably strong effect of the sedimentary layer on the Vp/Vs ratio (comprised between 1.67 and 1.91).
INTROD U C T I O N
The process of strain localization preceding the onset of seafloor spreading is still poorly understood, although extensively studied along passive continental margins worldwide. Current models of continental break-up processes differ in the geometry and distribution of strain, and the presence or absence of magmatism along conjugate margins (e.g. Frederiksen & Braun 2001; Buck 2004) . One key constraint needed to differentiate between models for passive margin formation is a map of the crustal thickness variations from the uplifted rift flanks to the ocean-continent boundary. Its lateral variation is an important parameter in understanding the influence of pre-rift structure and tectonic processes involved in the margin. From 2003 March to 2004 March, a temporary network of 11 broad-band seismic stations operated along the southern coast of Oman, in the Dhofar area. This array permits us to extend geophysical investigations recently made offshore of the Gulf of Aden to onshore areas (Leroy et al. 2004; d'Acremont et al. 2005 d'Acremont et al. , 2006 . We used this array to retrieve the crustal structure beneath each sensor. We address the following questions: What is the geometry of the crustal thinning along and across the strike of the basin and its uplifted flanks? How is it related to the pre-rift structure? Does the crustal composition vary along the strike of the margin? We first provide an overview of the regional tectonic setting, before presenting the receiver function method. We use here the technique recently proposed by Zhu & Kanamori (2000) , that allows us to retrieve both crustal thickness and Vp/Vs ratio. Moreover, this method uses the converted phase Ps to the Moho together with its multiples (PpPs and PpSs+PsPs) . This combination of phases significantly reduces the trade-off that exists between the crustal thickness estimation and the velocity of the crust (Zandt & Ammon 1995) . Next, we present the results of our investigations and discuss them in terms of extension and crustal composition for the non-volcanic northern margin of the eastern Gulf of Aden.
TECTON I C S E T T I N G S
The Gulf of Aden is a young oceanic basin that is one arm of the RRR Afar triple junction with the East African and Red Sea rifts. The Gulf of Aden separates Arabia from the Somalia plate. It extends from the Owen fracture zone to the east, and into the Afar depression to the west (Fig. 1) . The mean extension direction N020 is oblique to the average trend of the Gulf of Aden N075, with an increasing extension rate from west (1.6 cm yr −1 ) to east (2.3 cm yr −1 ; Jestin et al. (1994) ; Fournier et al. (2001) ). The oceanic spreading started at least at 17.6 Ma in the eastern part of the Gulf (Leroy et al. 2004) , whereas seafloor spreading in the western part seems Figure 1 . General tectonic background for the study area. The opening directions are indicated for the Africa, Somalia and Arabian plates. Also indicated are the Alula-Fartak transform fault (AFT), Socotra transform fault (ST), Socotra island (S), the Sheba Ridge (SR) and the Owen transform fault (OTF). Seismicity is displayed by grey circles, and the study area (Dhofar) is indicated by the black rectangle.
to continue to propagate westward into the Afar depression (Cochran 1981; Huchon & Khanbari 2003) . The existence and development of the Gulf of Aden is often related to the presence of the Afar hotspot. Although volcanism in the Afar plateau region commenced at ∼40 Ma (e.g. Ebinger et al. 1993; Kieffer et al. 2004) , the highest eruption rates coincided with the initial rifitng of the southern Red Sea and Gulf of Aden at ∼30 Ma (e.g. Courtillot et al. 1999; Ukstins et al. 2002; Wolfenden et al. 2005) . The proximity to a mantle upwelling has resulted in the formation of a volcanic margin in the western Gulf of Aden (Tard et al. 1991) , and a non-volcanic margin in its eastern part (Leroy et al. 2004; d'Acremont et al. 2005) . The pre-and syn-rift stratigraphies along the western volcanic margins are masked by Oligo-Miocene lavas from the plume. The non-volcanic eastern margins, however, are the unique location of well-exposed break-up structures, and the conjugate margins are only 200 km apart. We focus our study on the northern non-volcanic margins in the Dhofar area, in Oman. Its conjugate margin is Socotra island (Yemen) and Somalia.
The margin comprises the same sequences as in the main Arabian platform: Cretaceous to Eocene marine platform sequences (Hadhramaut Group) overlying Precambrian to Cambrian basement (Fig. 2) . The basement is composed of metamorphic rocks (gneiss and granodiorites) with intrusive Ordovician to Devonian dykes. The Hadramaut Group is composed of carbonate deposits and its thickness decreases towards the south due to the general uplift of the Arabian platfom. Roger et al. (1989) evaluate the thickness of this pre-rift sequence to be about 2 km in the Dhofar area (Fig. 2) that is confirmed by a well in Salalah plain. All of these sequences are cut by several fault-bounded syn-rift basins striking from N70
• E to N110
• E (Lepvrier et al. 2002; d'Acremont et al. 2005; Bellahsen et al. 2006) . The major syn-rift basins exposed onshore are the Salalah basin and the Ashawq basin, bounded in the north by the Jabal Qara fault (Fig. 3) . They are partly filled by Oligo-Miocene sediments of the Dhofar group (syn-rift, Fig. 2 ), and the Fars group (post-rift, middle to upper Miocene) Figure 2. Stratigraphic column that shows the main sedimentary sequences retrieved within the Dhofar area. The expected thickness of each formation is given in the right-hand column of the table (modified from Roger et al. (1989) ). . In the north, the Haluf basin is the first known graben of the margin filled by early syn-rift sediments (Fig. 3) . The Sala'Afan Basin, north of Mirbat is an N110
• E trending Oligocene basin where the syn-rift sediments were partly eroded.
Recently, the Encens-Sheba/MD117 geophysical survey was performed between the Alula-Fartak and the Socotra fracture zone to constrain the structure and evolution of the conjugate margins as well as mode of extension prior to the break-up by reconstructing the margins (Leroy et al. 2004; d'Acremont et al. 2005 d'Acremont et al. , 2006 . The non-volcanic margins and the ocean continent transition are segmented by two N027
• E trending transfer fault zones and a complex non-uniform opening by an arc-like initiation of seafloor spreading in the OCT. The early oceanic segmentation shows a close correspondence to the late syn-rift stage segmentation (d 'Acremont et al. 2005 ). An abnormally thin crust (between 1 and 4 km) inferred from the gravity study, abuts against the true oceanic crust where magnetic anomalies are easily identified. They suggest that mantle exhumation initially occurred prior to spreading at low extension rates in a magma-limited environment (d 'Acremont et al. 2006) . However, no link has been made so far with the onshore crust and upper-mantle structure.
CRUSTA L S T RU C T U R E B E N E AT H T H E A R A B I A N P L AT E
Whereas crust and upper-mantle structure beneath central Arabia has been probed with geophysical methods (e.g. Mooney et al. 1985; Al-Amri 1998 , 1999 Al-Lazki et al. 2002) , the subsurface structure of southern Oman remains virtually unexplored. From deep seismic profiles, Mooney et al. (1985) propose a crustal and uppermantle structure divided into 5 layers. The crustal velocities deduced from their work range from 6.0 to 6.9 km s −1 , with a crustal thickness of about 40-50 km across the Arabian Shield. Al-Amri (1998) estimates the crust in the Arabian platform to be more than 40 km with velocities varying between 5.5 and 7.6 km s −1 for a mean of 6.6 km s −1 . From a waveform modelling study, Rodgers et al. (1999) propose a mean crustal thickness of about 40 km with a mean velocity of 6.1 km s −1 and a Poisson's ratio of 0.27. In the northeastern part of Oman, Al-Lazki et al. (2002) take a mean crustal Vp between 6.4 and 6.6 km s −1 . More recently, a receiver function analysis in Saudi Arabia has been performed that proposes estimation of Vp/Vs ratio (∼1.75) and crustal thickness for a Vp estimate of about 6.5 km s −1 (Al-Damegh et al. 2005) .
However, little is known about the structure and velocity of the southern part of the Arabian platform. The receiver function analysis is strongly dependent on the initial P-wave velocity value, and our network doesn't overlay the same tectonic units (Fig. 3) . Unfortunately, no refraction profiles in this region are available, and we can't rely on this kind of information to estimate the average crustal velocity we need in our method. From the global review of Christensen & Mooney (1995) , the average crustal velocity for platforms is 6.4 and 6.2 km s −1 for an extended crust. The metamorphic rocks and granodiorites that compose basement in our studied area could present a P-wave velocity ranging between 6.1 and 6.7 km s −1 from Christensen & Mooney (1995) . For stations on basement only, we thus used a mean crustal velocity of 6.3 km s −1 , based on the previous works formerly cited. The sedimentary layers in the study area are made of carbonate sediments of 4 km thickness. Their velocity can vary between 4.0 and 5.4 km s −1 , even less for the post-rift sequence (Mavko et al. 1998) . We used an average velocity of 6.2 or 6.15 km s −1 to account for 1-2 km of limestones. The station in Salalah (S01, Fig. 3 ) is above the whole sequence (pre-syn-and post-rift) with alluvial deposits that can present P-wave velocity lower than 1.7 km s −1 . We then choose a mean P-wave velocity of 5.8 km s −1 in that case. 
DATA
We installed a temporary network of 11 broad-band stations in the Dhofar area in 2003 March. These stations are Güralp 3-components CMG-40TD seismometers with a natural period of 30 s, recording with a sampling rate of 50 s.p.s. The instruments recorded continuously for one year. Servicing was performed on the field every 4 months to download the data and check the overall state of the instruments. We deployed the stations along main roads (Fig. 3) , in fenced areas to ensure their safety from grazing animals. We use seismograms from teleseismic events located between 30
• and 95
• epicentral distance and with magnitude over 5.5 (Fig. 4) . We work on 78 particular events chosen to minimize the effects of dipping layers and anisotropy, as outlined in the methodological part below. Their azimuthal distribution is not evenly distributed, with a concentration of events in the E-NE direction due to the Philippines, Japan and Indonesia zones of subduction (Fig. 4) . However, some good events were recorded from the mid-Atlantic ridge (West) and Indian ridge (South) filling the gaps. We have windowed the waveforms 5 s before and 40 s after the first P-wave arrival.
METH O D

The receiver functions
Receiver functions are now widely used to obtain depth estimates of crustal and/or mantle interfaces under three-component short-or broad-band seismic arrays (e.g. Vergne et al. 2002; Julià & Meijìa 2004) . This method consists of isolating the P-to S-wave conversions (Ps) generated at major interfaces to retrieve the depth of this interface. The Ps traveltime is dependent on crustal thickness, mean crustal velocity (either Vp or Vs), and Vp/Vs ratio, so that a strong trade-off arises between the crustal thickness (H) and the velocity information (Ammon et al. 1990 ). noticed that the use of traveltimes for the multiple phases PpPs, and PpSs+PsPs helps to constrain both crustal thickness and Vp/Vs ratio. Because the Ps waves are predominant on the radial component, the receiver functions are obtained by deconvolving the vertical component from the horizontal (Langston 1979; Ligorria & Ammon 1999) . The deconvolution process can be made either in the frequency (Langston 1979) or in the time domain (Ligorria & Ammon 1999) . After the deconvolution, radial and tangential components should be investigated with careful review. Indeed, a strong signal on the tangential component could be indicative of dipping interfaces or anisotropy beneath the array, and the assumptions made for the receiver function analysis could then be incorrect (e.g. Jones & Phinney 1998, for a review). The amplitude of the P-to-S conversion phase is often very weak, and a stacking process is frequently used to enhance the signal-to-noise ratio. Recently, Zhu & Kanamori (2000) developed a stacking technique using P-to-S conversion phases and their multiples to obtain both crustal thickness and Vp/Vs ratio estimate. Their method consists of summing the amplitudes for theoretical arrivals for Ps, PpPs, and PpSs+PsPs (Fig. 5) , and finding the H and κ values for which the stacking amplitudes are maximum. The use of the multiple converted phases is a particularly efficient way to reduce the ambiguity between H and κ (Zandt & Ammon 1995) .
The stacking equation for N receiver functions should be summarized by the following:
( 1) S is called the objective function, and it is a maximum when all three phases are stacked coherently with the most likely (H, κ) couple. The indices 1-3 refer to the converted phases Ps, PpPs, and PpSs+PsPs, respectively. The amplitudes or the receiver function r f j , ( j = 1, N ) are weighted by the terms w 1 , w 2 and w 3 , whose sum should be equal to one. The predicted arrival times (t 1 , t 2 and t 3 ) are calculated using the following equations:
with p the ray parameter. There are numerous advantages to the use of this method. Among others, it computes the arrival time with the real ray parameter of the event; an average crustal thickness is obtained by considering events from different directions; there is no need to pick arrivals that are sometimes indiscernible on the records. Another advantage of this method is the estimate of the error on both H and κ. Zhu & Kanamori (2000) first used the flatness of S(H, κ) at the maximum to deduce standard errors. However, as recently mentioned by Julià & Meijìa (2004) , this method does not consider the dependence of the two parameters, and a now widely used method to estimate uncertainties is a bootstrap algorithm (Efron & Tibshirani 1991) . This method calculates statistics over a great number of subsets of data, randomly generated from the original data set (see e.g. Chevrot & van der Hilst 2000; Julià & Meijìa 2004) .
The Dhofar Seismic experiment
The general method described above has been applied to our temporary network in Dhofar (Oman) to retrieve the crustal thickness and Vp/Vs ratio in this region. Over our whole data set, we first select 78 events with low signal on the transverse component ( Fig. 6 ) to ensure minimal interference due to anisotropic and dipping media. We deconvolve the vertical component from the horizontal ones using the iterative time domain technique of Ligorria & Ammon (1999) with a Gaussian filter of 2.0 s. To ensure the highest quality of the receiver function, we only select events that reproduce more than 85 per cent of the original radial waveform (receiver function convolved with vertical waveform Ligorria & Ammon 1999) . We then apply the stacking technique of Zhu & Kanamori (2000) on our data set to retrieve both H and κ. We have tested different values for the weights w 1 , w 2 and w 3 in eq.
(1). Little or no difference is noticed on the crustal thickness and κ values when changing the relative importance of these parameters. Our data show the maximum energy for the P-to-S conversion, and most of the stations show a signal from the PpPs as well as the PpSs+PsPs conversion. We then chose values of w 1 = 0.6, w 2 = 0.3 and w 3 = 0.1 for most of our stations in this study. When possible, however, we increase the weight of PpSs+PsPs conversion to enhance the maximum of the objective function during the stacking. In this case, we prefer the following values w 1 = 0.5, w 2 = 0.3 and w 3 = 0.2. To estimate
Time ( (2000) stacking method. Finally we estimate standard error with classic statistic formulae from the covariance matrix.
RESU LT S
In this section, we detail the results obtained from the receiver function analysis for each station (Fig. 3 , Table 1 ). We checked the performance of the stacking method by plotting the traveltimes corresponding to the maximum of the objective function against the receiver functions (e.g. Fig. 7 ). This provides an easy check of the results by visually comparing the observations and the estimated conversion times.
Salalah (S01)
Station S01 was located in the main city Salalah, and it is characterized by a low signal-to-noise ratio. This is coming first from its closeness to main and noisy roads, and second from its location in the Salalah basin filled with post-rift sedimentary strata (Fig. 3) . However, 38 events of good quality have been stacked in the (H, κ) domain (Fig. 7) . The P-to-S conversion occurs around 5 s after the direct P pick. When restraining the search in the H, κ domain to within (20-50 km) and (1.6-2.0), respectively, we obtain a maximum in the objective function for H = 28.6 ± 0.6 km and κ = 1.86 ± 0.04. We observed a clear conversion 1 or 2 s after the direct P (Fig. 7) , hereafter referred to as Px. We expect this signal to be caused by a mid-crustal discontinuity beneath S01. The Salalah basin is filled with up to 1.5-2 km of syn-and post-rift carbonates and clastics. The total depth to metamorphic basement could be as much as 3 km (Fig. 2 , Roger et al. 1989) . However, it is highly probable that this Px phase is a multiple of a mid-crustal discontinuity, and not the direct conversion. First its shape is immediately followed by a negative pulse that looks like a multiple. Second the direct P pick slightly but obviously shifted from the 0 toward the right is indicative of more than one pulse. To be able to distinguish all the pulses and to determine the depth of the mid-crustal reflector, we should reprocess the data with a separate treatment. Moreover, we should also investigate the possible constructive multiples resulting from the layering of the sediments. It is beyond the scope of this article to deal with these intracrustal structures, and work in progress should be published in a separate paper.
Given the high level of noise partially due to reverberation within the crustal layers, we tried to separate events according to different azimuths. These tests give estimates within the error bounds.
Ghado (S02)
This station is located North of Salalah, on the footwall of the JabalQara border fault bounding the Salalah basin, above pre-rift sediment formation (Fig. 3) . We stacked 50 events for this station (Fig. 8) .
The maximum of the objective function happens for H = 26.6 ± 2.6 and κ = 1.87 ± 0.06. This maximum is well defined in the (H, κ) domain (Fig. 8) . We observed a coherent arrival Px 1.5 s after the direct P which shape changes with backazimuthal distances (Fig. 8) . Once again, further analyses are needed in order to elucidate this intracrustal arrival. We suspect it to be the limit between basement and pre-rift sediments.
Queiroon (S03)
S03 is located between the Salalah basin and the Haluf graben in the north of the Jabal Qara fault. It overlies sediments of the Hadhramaut formation, justifying a slightly lower average P-wave velocity of 6.15 km s −1 (pre-rift, Fig. 3 ). We have used 45 events for the stacking technique for Queiroon (Fig. 8) . For this station we found that weights of w 1 = 0.6, w 2 = 0.3 and w 3 = 0.1 give the best focus of the maximum in the objective function. The final result in the (H, κ) domain gives H = 32.2 ± 0.4 and κ = 1.76 ± 0.02. Some intermediate arrival appears about 1 s after the direct P whose shape varies slightly with backazimuth (Fig. 8) . It could be either the basement-sediment boundary, or the Jabal Qara fault plane. This alternative will be investigated in a strictly crustal study later on.
Rawya (S04)
We have only stacked 26 events for this station located on pre-rift sediments (Fig. 3) . Rawya did not record for three months, but the quality and quantity of data are adequate (Fig. 8) . We obtain a likely value of 36.6 ± 0.4 km for the crustal thickness and 1.77 ± 0.01 for κ. Opposite to the previous stations, we used here weights of 0.5, 0.3 and 0.2 for w 1 , w 2 and w 3 , respectively. Once again, a very strong intermediate Px phase can be observed very close to the direct P-wave pick, about 1.5 s after.
Haluf (S05)
This station was located above the pre-rift sediment on the uplifted flank north of the Haluf graben, and had some power supply deficiency. However, we were able to stack 32 events with a good receiver function signal. The stacking technique in the (H, κ) domain shows a maximum at H = 34.0 km ± 2.1 and κ = 1.89 ± 0.06. The estimated error is large, and is probably due to the fact that the multiple PpPs is not clearly observed on all the records. It is then difficult to independently determine H and κ, as shown by the elongated maximum in Fig. 8 . Varying the weight values has little effect on the results (H = 34.2 and κ = 1.89 for w 1 = 0.5, w 2 = 0.3 Figure 8 . Crustal thickness estimate for the remaining stations of the network (S02-S11). For each station, the representation is the same as for Fig. 7. and w 3 = 0.2). There is once more a strong Px arrival clearly observed 1.5 s after the direct P (Fig. 8) .
Thumrait (S06)
Although the northeasternmost station of our network only recorded for 9 months, we were able to stack 41 events. When taking weighting factors of 0.5, 0.3 and 0.2 for w 1 , w 2 and w 3 , respectively, we obtain a more pronounced maximum at H = 32.4 km ± 0.6 and κ = 1.89 ± 0.02 (Fig. 8) . As for previous stations, we observed an intermediate arrival 2 s after the direct P.
Jibjaat (S07)
S07 was installed in the western part of the Oligo-Miocene Sala'afan graben, on the eroded pre-rift sedimentary formation (Fig. 3) . We took w 1 = 0.6, w 2 = 0.3 and w 3 = 0.1 to stack the 32 selected events of this station. The stacking in the (H, κ) domain gives us a crustal thickness of 28.2 km ± 2.7 and κ = 1.91 ± 0.06. There is no clear systematic intermediate arrival on the records (Fig. 8) , and a classic stack of the receiver functions doesn't enhance any intermediate conversion, either.
Tawin Atair (S08)
Tawin Atair is located on the eastern uplift flank of the Salalah basin, on pre-rift carbonates (Fig. 3) . This station recorded for only a short period of time, and few events were available for the receiver function analysis. We used six events that confidently reproduce 85 per cent or more of the original radial component during the iterative deconvolution. Stacking these six receiver functions in the (H, κ) domain (Fig. 8) , we obtain a maximum of the objective function for a Moho depth of 27.6 km ± 3.7 and a κ value of 1.81 ± 0.1. The high uncertainty on these values stems from the few numbers of available records and the high noise level. We had little success even by trying to change the weighting parameters to focus the maximum of the objective function, and we had to restrict the area of κ value to less than 1.90 to avoid unrealistic cases. Moreover, because of low signal-to-noise ratio, we lack events to say with confidence whether or not an intermediate Px conversion is present in the signal (Fig. 8) .
Mirbat (S09)
This station was located east of the network, in Mirbat city near the coast. It lies directly on crystalline Proterozoic basement in Mirbat town and thus shows a very low noise level (Fig. 3) . For this station, we took an average P-wave velocity of 6.3 to account for the lack of sediment. We have stacked 32 receiver functions for Mirbat, and a well-located maximum for the objective function is found for a crustal thickness H = 29.2 km ± 0.8 and a κ value of 1.67 ± 0.02. Clear multiple conversion is observed (Fig. 8) , allowing us to precisely determine both H and κ. We used w 1 = 0.5, w 2 = 0.3 and w 3 = 0.2 to account for this. We also noticed an intermediate conversion Px that arrives 1.5-2 s after the direct P, with a very clear backazimuthal dependancy. This can't be related to any sedimentary layers, but more probably to a fault plane.
Rabkut (S10)
This station was installed at the same location as a short period station of the permanent Oman network, on the pre-rift sediment constituting the Arabian platform (lower Eocene) in the north of the Haluf graben (Fig. 3) . The site was very far from any disturbance, and the signal of S10 is very clear. Moreover, the station recorded continuously for the whole experiment. That allows us to stack 51 high quality receiver functions (Fig. 8) . When letting the Vp/Vs ratio freely varying, we obtain unrealistic values of 41.0 km for the crustal thickness and 1.59 for the κ value. We then limit the range of κ values to be within 1.70 and 2.0. The Moho is then found to be at 32.4 km ± 0.8 depth, and the κ value is 1.75 ± 0.03 for weighting parameters of w 1 = 0.5, w 2 = 0.3 and w 3 = 0.2. There is less energy on the receiver function for this solution (Fig. 8) , but we suspect that the signal observed around 16-17 s is coming from constructive multiples due to an intracrustal layer. This layer is evidenced by the presence of an intermediate conversion Px about 1 or 1.5 s after the first P pick.
Shahaab Asaib (S11)
This station is at the far west end of our network (Fig. 3) , on the southern edge of the syn-rift Ashawq graben and the northern uplift flank of Rakyut syn-rift basin bounded by the Jabal Qamar. It is installed on the pre-rift sediments of Hadhramaut group (Fig. 3) . We were able to stack 45 receiver functions for this station, with a good signal-to-noise ratio. The maximum of the objective function is found for a crustal thickness H = 25.6 km ±2.6 and κ = 1.77 ± 0.07. The weighting factors we chose were w 1 = 0.5, w 2 = 0.3 and w 3 = 0.2 (Fig. 8) . We observe no intracrustal conversion beneath S11.
DISC U S S I O N A N D I M P L I C AT I O N S
Error estimation
As previously mentioned, we estimate the uncertainty for both H and Vp/Vs ratio by a bootstrap analysis (Efron & Tibshirani 1991) . However, this kind of method doesn't take into account the variability of the results relative to the choice of the initial P-wave velocity. In order to test the sensitivity of our results to this parameter, we reprocessed the stacking method for each station for 100 P-wave velocity values randomly chosen within a probable range of ±0.5 km s −1 around the initial value. Fig. 9 represents the ellipses of confidence deduced from the covariance matrix for both cases. The plain line represents the error coming from the stacking method itself whereas the dashed one represents the error coming from the choice of the initial Vp model. The latter has more influence on the estimation of crustal thickness, whereas the elongated shape at about 45
• is well retrieved for the stacking method error. As a result, the observed variations of both H and Vp/Vs ratio are significant compared with the error estimated by the bootstrap methods, and thus reflect real characteristics of the crust we discuss hereafter. Our best estimates for the crustal thickness and the Vp/Vs ratio from the receiver function analysis are summarized in Fig. 10 and Table 1 . The error estimation in Table 1 is coming from the classical bootstrap algorithm without changing initial average Vp value. To better discuss the results and their interpretation, we projected the results onto a profile that roughly runs north-south (from S01 to S06) nearly orthogonal to main rifting structures (faults striking from N110
• E to N70
• E). This profile allows us to compare surface structure to variations in Moho depth and the Vp/Vs ratio (Fig. 11) . The crustal thickness ranges from ca. 25 km for stations near the coast to more than 36 km for the uplifted and largely unfaulted northern rift flank. The Vp/Vs ratio ranges from 1.67 (for S09) to 1.91 (for S07), with a mean value of 1.81 (equivalent to a Poisson's ratio of 0.28). The average uncertainty we have on H is ±1.5 km, and ±0.04 for κ. The high uncertainties observed at some stations mainly stems from the fact that the amplitudes of the converted multiples is quite small (e.g., S11). Where the PpPs signal is clear, the uncertainty drops dramatically to less than ±0.5 km for the Moho depth estimation, and ±0.01 for κ (e.g. S04). It is clear from our grid search that the strong trade-off between H and κ is still present, even using the PpPs multiple (e.g. S05). The difficulty we have to use the PpPs and PpSs+PsPs conversion most likely comes from the multiple reverberations within intracrustal layers. These reverberations add more signal within the receiver function and the main conversions could then be blurred. The presence of a conversion phase 1-2 s after the direct P is a strong evidence for this kind of behaviour (e.g. Fig. 7 ).
The mid-crustal discontinuity
In addition to the main crust-mantle boundary, we find evidence for a mid-crustal interface under at least seven stations of the network. In these cases, clear conversion waves are observed 1-2 s after the first P-wave pick. However, we notice that these mid-crustal conversion waves are immediately followed by a negative pulse, and that the direct P-wave pick is most of the time-shifted from the 0 axis. These indicate a multiple phase and not a first P to S conversion. Moreover, for some station, the shape of this conversion changes with the backazimuth indicative of a dipping interface. Since the aim of this study is to use crustal thickness variations as strain marker for the continental break-up process, the study of these intracrustal events is beyond the scope of this paper and are the topic of a separate, more detailed study. Moreover, the presence of sediments has been taken into account in the average velocity values we take for the different stations.
The crustal thickness
The crust/mantle boundary is quite clear beneath all the stations of our array. Its variations are large enough to be significant relative Figure 10 . Crustal thickness results from our receiver function analysis for the 11 stations shown in Fig. 3 . The stations are represented by the black triangles. The crustal thickness and the Vp/Vs ratio are reported adjacent to the station they are related to. The shallowest Moho is observed for the stations nearest to the coast, whereas we report the thickest crust northward. Onland normal faults are reported from Fig. 3 and offshore normal faults come from d 'Acremont et al. (2005) studies. The colour scale represents the crustal thickness inferred from the offshore gravity data of the Encens-Sheba cruise (Leroy et al. 2004; d'Acremont et al. 2006) . The grey and dashed lines represent the segmentation of the margin, the fracture and transfer zones, respectively. The hatched areas correspond to the ocean continent transition zones shifted by these accommodation zones of deformation. The topographic data come from SRTM (http://srtm.usgs.gov/). to the error bars (Fig. 9) . First, we discuss the previous estimates for crustal thickness of the Arabian platform with the results of our northernmost stations (S04, S06 and S10). Our estimates for this area are smaller than earlier estimates for the Arabian platform region. Al-Amri (1998) and Al-Amri (1999) found a Moho discontinuity at about 45 km depth, coherent with the study of Sandvol et al. (1998) at the station RIYD in Saudi Arabia. A lesser value of 40 km is proposed by Rodgers et al. (1999) for the Arabian platform with a totally independent method. However, the greater value we obtain is 36.6 km for station S04 (Rawya), and the northernmost station (S06-Thumrait) records a crustal thickness of about 32 km. Our estimate of mean crustal Vp is smaller than the one used by Al-Amri (1998) and thus could account for a thinner estimation of the crustal thickness. However, our tests with a Vp value of 6.5 km s −1 give a maximum result of 38 km for S04 (Rawya) and 34.5 km for S06 (Thumrait), still lower than the 45 km proposed by Al-Amri (1998). The thinner crust seen in this study thus indicates erosion and extension relative to stable interior of the Arabian platform, or it may indicate pre-rift lateral variations in crustal thickness. In the former case, the width of the margin is then larger than expected from geology.
We observe a general thinning of the crust toward the south, in the direction of the Sheba spreading ridge. The crust is more than 32 km thick for the northern stations (stations S04, S05, S06 and S10, S01 and S11). This deflection is not uniform, and a sharp change is located between S02 and S03. At this position, there is a vertical Moho fluctuation of 6 km in less than 15 horizontal kilometres. The total thinning of the crust (about 10 km) happens in about 30 km, the Moho remaining quite flat south of S02 and north of S05 (Fig. 11) . It is of importance to notice that we locate the major thinning of the crust between the Haluf graben and the Jabal Qara fault (Figs 3 and 10) . It seems that the deformation has occurred beneath the first known fault block of the margin. This block shows syn-rift deposits on its exposed footwall. The Moho variations can then be explained either by isostatic thinning related to the formation of the basin at the surface, or stretching of the upper and lower crust. It is very likely that our network only samples a small window of the thinned crust, and that even a thinner crust is present offshore. The offshore gravity data modelling gives a crustal thinning southward from 17 km near the coast to 4 km in the ocean continent transition (Fig. 10 , Leroy et al. 2004; d'Acremont et al. 2005 d'Acremont et al. , 2006 . It is then difficult to relate those small patterns to general features of passive margins. Yet, it is very interesting to show that the decrease of the crustal thickness onshore is localized between the first fault of the margin and the main onshore fault. If we assume an initial crustal thickness ranging from 36 to 40 km for the Arabian platform (this study and Rodgers et al. 1999 ) and a final crust of about 26 km (station S11-Ashaab Asaib), the stretching factor β is then comprised between 1.38 and 1.54. Considering that the crust is thinning more dramatically southward, these estimates are lower bounds. The new OBS data collected in the area should enhance this question . We report lateral variations along the coast, with a deeper Moho East of Dhofar (ca. 28 km for S07, S08 and S09), and shallower values for S01, S02 and S11 (ca. 26 km). First, a simple calculation between S01 (Salalah) and S09 (Mirbat) shows that there could easily be an isostatic compensation between those two locations, considering the amount of sediments beneath S01. However, S11 (Shahaab Asaib) shows too thin crust and too high elevation to be isostatically compensated. This station is located on the uplifted flank of a syn-rift basin with outcropping Cretaceous sediments and bounded by the Jabal Qamar fault, very similar to the Salalah basin and the Jabal Qara fault (Fig. 3) . S02 station (Ghado) could then be analogous to S11 situation. Second, the sharp change observed between S02 and S03 is not happening between S08 and S07 even if these stations are on the same latitude (Figs 10 and 11 ). S07 and S08 stations are both in the rifted basins in which syn-rift sediments have been eroded (Fig. 3) . East of these stations, the Jabal Samhan scarp is one of the highest (ca. 1700 m). Yet, the syn-rift fault is located at sea, and we can expect the maximum crustal thinning in the south, offshore. d 'Acremont et al. (2006) evidence a thinning of the crust correlated to the fracture zones and transfer faults. These behaviours enhanced the role of the segmentation of the margin to be one possible cause of lateral difference in our results. A variable lithospheric rheology and/or sediment thickness variations could explain these observations. We await the results of ongoing studies from a broader array to differentiate between these ideas.
The Vp/Vs ratio
The general deepening of the Moho towards the North we observed in our results could strongly affect our Vp/Vs ratio estimations (Fig. 10) . Indeed, when the interface is dipping, the multiple traveltimes through the crust are different according to their direction. When travelling downdip, the multiples have shorter traveltimes than for a horizontal discontinuity. Conversely, multiples travelling updip show a longer traveltime than those generated at a horizontal interface. Subsequently, we will underestimate the value of Vp/Vs for waves travelling updip, and overestimate it for waves proceeding downdip (e.g. Jones & Phinney 1998; Julià & Meijìa 2004; Endrun et al. 2005) . As most of our events are coming from the ENE quadrant (Fig. 4) and the dipping is maximum in a roughly NS direction, we expect our estimate of Vp/Vs ratio not to be significantly misvalued. Actually, the Ps conversion arrival shows no variation with the backazimuth of the events (see e.g. station S03 Fig. 8 ), indicative of low effect from a dipping Moho. Whenever it is, we predict a slightly overestimation of κ. In seismogenic zones, the Vp/Vs ratio is often related to fluid saturation in rocks (e.g. Latorre et al. 2004; Vanorio et al. 2005) , but it could also be representative of the composition of the media and/or the presence of melt (e.g. Chrisensen 1996; Zandt & Ammon 1995) . Even though no simple relation between Poisson's ratio and felsic and mafic rock composition exists, the increasing content of silica in the rocks decreases the Poisson's ratio (Chrisensen 1996) .
The κ values we find range from 1.67 to 1.91 (Poisson's ratio from 0.22 to 0.31), with a mean value of 0.28 for the Poisson's ratio. This range is similar to the values found by Al-Damegh et al. (2005) for the Vp/Vs ratio (1.71-1.81). Our mean Poisson's ratio is greater than the mean one usually observed for the continental crust (0.265), and less than the mean value for the oceanic crust (0.30) (Zandt & Ammon 1995; Chrisensen 1996) . However, it is of the same order of the estimate of Rodgers et al. (1999) for the Poisson's ratio of Arabian platform (0.27). In our case, it probably reflects the modified nature of the Dhofar crust in this region due to the break-up process, together with the influence of sedimentary cover. The presence of the sediment probably increase our estimation of the Vp/Vs ratio due to the presence of water and less consolidated material. Besides, the modification of the crust by thinning process may have change the composition of the lower crust in the region (by lateral flow of lower crust for example). Hereafter, whenever it is possible, we try to discriminate between those two possible sources for the variation in Vp/Vs.
We can first observe that Vp/Vs ratio is increasing northward for the eastern part of the network (from S09 to S07, Fig. 10 ). It is correlated with a rather uniform crustal thickness (about 28 km). The low Vp/Vs value found beneath S09 (Mirbat, κ = 1.67) could be associated with the high silica content of the basement and the lack of sedimentary cover. The composition of the Precambrian basement (Gneiss and granodiorites) leads for a Vp/Vs ratio of around 1.72 (Chrisensen 1996) , but felsic dykes intrusion and high thinning of the crust could have led to a more felsic composition of the crust and to a smaller value of Poisson's ratio. The Vp/Vs ratio increases then as the sedimentary cover appears in S08 (Tawin Atair) and S07 (Jibjaat). For the rest of the stations, the Vp/Vs ratio is either near 1.76 (S03, S04, S10 and S11) or 1.88 (S01, S02, S05 and S06). Their organization doesn't seem to follow a simple geographic classification (Fig. 9) . The high value for S01 (Salalah, 1.86) could be related to the presence of post-and syn-rift sediment deposits within the basin (average ratio of 1.88 for limestone after Mavko et al. 1998) . We observe a sharp jump in the Vp/Vs ratio between S02 (Ghado) and S03 (Queiroon) that echoes with the sudden deepening of the Moho at the same location (Fig. 10) . Either the low value for S03 is coming from a change in the sediment thickness, or a change in the crust composition (that becomes more felsic beneath S03). S11 is associated with normal value of Vp/Vs ratio, intermediate between S09 and S01. It is representative from an area that presents small amount of sediment, yet enough to increase the Vp/Vs ratio compared with the basement related value (S09). The variation recorded for Vp/Vs ratio for S04, S10 (∼1.76) and S05 and S06 (∼1.81) is more difficult to explain. All these stations lay on pre-rift sediment cover which thickness is unlikely to change in few tens of kilometres. We then believe the changes in Vp/Vs ratio is due to a modification of the crustal composition. However, we can hardly go further in our interpretations.
CONC L U S I O N
We have presented and analysed receiver functions at 11 broad-band stations in the Oman southern coastline, in the Dhofar region. The results of this study lead to crustal thickness and Poisson's ratio estimations for the northern continental margin of the eastern Gulf of Aden.
We highlight a narrow zone of crustal thinning by about 10 km over a 30 km horizontal distance in the North South direction along the northern margin of the rift of Aden. An important and sharp change is occurring between station S02 and S03, where both an increase in the Moho depth (+6 km in 13 km) and a decrease of the Vp/Vs ratio (−0.11) are observed. The crustal thickness variations can be related to the extension during the break-up process. The deformation seems to have occurred in specific areas, not in a homogeneous way. We report extension concentrated beneath the first known syn-rift block. In the northern limit of our network (station S06, Thumrait), we observe a crust thinner than generally admitted for the Arabian platform. The margin could be more extended than what we previously expected from geological observations (no fault outcrops). The stations outside the main onshore-rifted basin (S07, S08 and S09) show no NS crustal thickness change and the thinner crust we observe is located at the far western end of the network, in the deformed area of the Ashawq basin (S11). Due to the N110
• E striking direction of the Oligocene basins, it is possible that the maximum crustal thinning is happening offshore for the eastern part of the network. Only from the section we have onland, we can deduce a lower bound for the stretching factor β ranging from 1.38 to 1.54, assuming an initial thickness of 36-40 km for the crust, respectively.
We interpret the Vp/Vs ratio variation to be due to both sedimentary loading and modification within the crustal composition from felsic to normal. Even if we can hardly discriminate between those two sources, we could propose that the intensive thinning that occurred during the break-up process has strongly affected the crust composition. We observe three maximum Vp/Vs ratio changes. One is coincident with the highest crustal thinning in this region (between S02, Ghado and S03, Queiroon). The second is located in the eastern part of the network, where a change in the sediment thickness is likely to happen (S09, Mirbat and S07, Jibjaat). The last one spreads over the northern stations and seems to be more likely related to a crustal composition. For some stations of the network, a mid-crustal discontinuity can be evidenced. Extra processing of the signal is needed since we believe the pick of the receiver function to be a multiple and not the direct P to S conversion at this interface. For most of the case, we faithfully relate it to the sediment-basement boundary. Yet, it could also be the signature of some graben faults (particularly for S03-Queiroon station), and we need further investigations and additional information (geological and geophysical) to properly define this interface and related it to a structure of the crust in this region.
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